INTRODUCTION
============

Cells are damaged by the cellular oxidants, which are normally produced by cellular metabolism from endogenous and exogenous sources [@B001]. Imbalance between radical-generating and radical-scavenging systems produces oxidative stress. Normally, reactive oxygen species (ROS), such as superoxide, peroxide, and free radicals, are scavenged by enzymatic and non-enzymatic antioxidant defense systems [@B001],[@B002]. ROS randomly damage DNA, lipids, and proteins in cells. The excessive production of ROS in cells contributes to human diseases including liver diseases [@B003],[@B004]. The liver is an essential organ for survival, and it has a wide range of functions, including detoxification, protein synthesis, and the production of biochemicals that are necessary for digestion [@B005]. Oxidative stress contributes to several liver diseases, such as alcoholic hepatitis, drug-induced liver injury, and liver cancer [@B006]-[@B008].

*tert*-Butyl hydroperoxide (*t*-BHP) is an organic hydroperoxide that is commonly used to investigate the biological mechanisms of cytotoxicity induced by oxidative stress. *t*-BHP initiates lipid peroxidation, oxidative DNA damage, and glutathione (GSH) depletion, and it forms covalent bonds with cellular molecules to injure cells [@B009].

Acetaminophen (AP) is a widely used analgesic and antipyretic drug. At physiologically relevant concentration, AP is mostly metabolized via glucuronidation and sulfation reactions via UDP-glucuronosyltransferases (UGT) and sulfotransferases (SULT) [@B010]. AP is also oxidized by cytochrome P450 (CYP450) enzyme including CYP 2E1, 1A2, and 3A4 to the hepatotoxic metabolite *N*-acetyl-*p*-benzoquinone imine (NAPQI), which binds cellular macromolecules [@B011],[@B012]. Then, NAPQI is rapidly detoxified by glutathione S-transferase (GST) to a nontoxic metabolite, AP-GSH [@B013]. High doses of AP saturate the glucuronidation and sulfation metabolic pathways, and more NAPQI is produced by CYP450 enzymes. In the case of hepatotoxicity occurred by the overdose of acetaminophen, detoxification of NAPQI by glutathione conjugation is more prominent for the AP metabolism. However, high doses of acetaminophen induce the oxidative stress and decrease the cellular GSH content, and finally the toxic NAPQI accumulates in the liver and induces liver damage.

In the present study, we hypothesized that *Gymnaster koraiensis*, an edible wild vegetable can protect oxidative stress induced by *t*-BHP or AP in HepG2 cells, since our previous study suggested that *G. koraiensis* potently increased various antioxidant defense enzymes including GST, UGT, and glutathione reductase (GR) in rat liver through the activation of Nrf2 signaling pathway [@B014]. To evaluate the protective effects of *G. koraiensis* against hapatotoxicants and elucidate their mechanism, we measured cell viability, cellular glutathione levels, antioxidant capacity, the sub G0/G1 content, and CYP 3A4 activity in HepG2 cells pre-treated with the extract, fractions, and compounds from *G. koraiensis*, and subsequently damaged with *t*-BHP or AP.

RESULTS
=======

Effects of G. koraiensis on HepG2 cell death induced by t-BHP or AP
-------------------------------------------------------------------

We investigated the protective effects of the extract, fractions, and compounds against *t*-BHP-induced HepG2 cell death using a cell viability assay ([Fig. 1](#F0001){ref-type="fig"}A, B). *t*-BHP (200 μM) induced cell death, and cell viability was significantly decreased to 10.5% of the vehicle control cells. Pre-treatment with EXT; H, EA, B fractions; or EGCG significantly protected HepG2 cells against *t*-BHP-induced cell death. The EA fraction exhibited the strongest protective activity among the fractions against *t*-BHP-induced cell death, the protective effects of the EA fraction showed in a concentration-dependent manner. At the highest concentration (60 μg/ml) of the H fraction decreased HepG2 cells viability, which should be due to its own cytotoxicity of the H fraction ([Fig. 1](#F0001){ref-type="fig"}A). We also measured the protective effects of 3,5-di-*O*-caffeoylquinic acid (DCQA), which is a major compound of the EA fraction of *G. koraiensis* [@B015]. DCQA reduced *t*-BHP-induced cell death in a concentration-dependent manner ([Fig. 1](#F0001){ref-type="fig"}B).

We also measured the protective effects of the extract, fractions, and compounds from *G. koraiensis* against AP-induced cell death ([Fig. 1](#F0001){ref-type="fig"}C, D). AP (40 mM) treatment for 24 h induced HepG2 cell death, and cell viability was significantly decreased to 44.8% of the vehicle control cells. Pre-treatment of HepG2 cells with EXT; H, EA fractions; or EGCG significantly protected the cells against AP-induced cell death. The H fraction (3.75-15 μg/ml) exhibited the strongest protective activity among the fractions against AP ([Fig. 1](#F0001){ref-type="fig"}C). Therefore, we also tested gymnasterkoreayne B (GKB), which is a major polyacetylene compound in the H fraction of *G. koraiensis* [@B014]. GKB significantly protected against AP-induced HepG2 cell death in a dose-dependent manner, in the range of 1.25-20 μM ([Fig. 1](#F0001){ref-type="fig"}D). But at the highest concentration (80 μM) of GKB significantly decreased cells viability owing to the cytotoxicity of GKB [@B016].

![Protective effects of *G. koraiensis* against cell death induced by (A, B) *tert*-butyl hydroperoxide (*t*-BHP) or (C, D) acetaminophen (AP) in HepG2 cells. Cells were pre-treated with the extract (EXT, 3.25-60 μg/ml); hexane, ethyl acetate, butanol fractions (H, EA, B, 3.25- 60 μg/ml); 3,5-di-*O*-caffeoylquinic acid (DCQA, 1.25-80 μM), gymnasterkoreayne B (GKB, 1.25-80 μM), or epigallocatechin gallate (EGCG, 10 μM) for 24 h. The cells were treated with *t*-BHP (200 μM) for 3 h or AP (40 mM) for 24 h. The graphs are representative of three independent experiments. Each bar represents the mean ± SD from triplicate experiments. \*P ＜ 0.05, \*\*P ＜ 0.01, \*\*\*P ＜ 0.001, significantly different from *t*-BHP or AP treatment.](BMB-46-513-g0001){#F0001}

Effects of G. koraiensis on glutathione levels
----------------------------------------------

We measured cellular glutathione levels in response to *G. koraiensis* treatment. Intracellular GSH levels were significantly reduced by *t*-BHP treatment, on the other hand, pre-treatment with EXT, the EA fraction, and DCQA recovered GSH levels in HepG2 cells. Oxidized GSH levels were significantly increased by the pre-treatment of EXT and the EA fraction ([Fig. 2](#F0002){ref-type="fig"}A).

AP decreased glutathione levels as compared with non-treated cells. In contrast, pre-treatment with the H fraction, GKB, and sulforaphane (positive control) ameliorated the AP-induced reduction in GSH levels. GKB also significantly increased the oxidation of GSH to GSSG ([Fig. 2](#F0002){ref-type="fig"}B).

Effect of G. koraiensis on free radical scavenging in t-BHP damaged HepG2 cells
-------------------------------------------------------------------------------

The oxygen radical antioxidant capacity (ORAC) assay was performed to investigate the effect of *G. koraiensis* on radical scavenging activity. The EA fraction and DCQA exhibited the strong capacity for radical scavenging ([Fig. 2](#F0002){ref-type="fig"}C). These results suggested that the protective activity of the EA fraction and DCQA against *t*-BHP-induced HepG2 cell death was primarily caused by the scavenging of radicals generated by *t*-BHP.

![Effects of *G. koraiensis* on glutathione levels (A, B) and antioxidant capacity (C) in HepG2 cells damaged by *tert*-butyl hydroperoxide (*t*-BHP) or acetaminophen (AP). Cells were pre-treated with the extract (EXT, 7.5-30 μg/ml); the ethyl acetate (EA, 30 and 60 μg/ml), hexane fractions (H, 15 μg/ml); 3,5-di-*O*-caffeoylquinic acid (DCQA, 20 and 40 μM), or gymnasterkoreayn B (GKB, 20 μM) for 24 h. The cells were treated with *t*-BHP (200 μM) for 3 h or AP (40 mM) for 24 h. (A, B) Effect of *G. koraiensis* on glutathione levels. The graphs are representative of three independent experiments. Each bar represents the mean ± SD from triplicate experiments. \*\*P ＜ 0.01, \*\*\*P ＜ 0.001, significantly different from the reduction of GSH levels by *t*-BHP or AP treatment. ^\#\#^P ＜ 0.01, ^\#\#\#^P ＜ 0.001, significantly different from the oxidization of GSSG by *t*-BHP or AP treatment. (C) The antioxidant capacity was determined using the ORAC assay. The results are expressed as μM Trolox equivalents per mg protein (TE/mg protein). The graphs are representative of three independent experiments. Each bar represents the mean ± SD from triplicate experiments. \*\*\*P ＜ 0.001, significantly different from *t*-BHP treatment.](BMB-46-513-g0002){#F0002}

Effects of G. koraiensis on the DNA damage induced by t-BHP
-----------------------------------------------------------

The protective effects of *G. koraiensis* against *t*-BHP-induced oxidative DNA damage were determined using the single-cell gel electrophoresis (comet assay). The comet assay is routinely used to evaluate *in vitro* hepatoprotective activity against *t*-BHP in cultured hepatic cells. The length and intensity of comet tail correlated well with the severity of DNA damage in hepatic cells [@B017]. *t*-BHP (200 μM) induced strong DNA damage in HepG2 cells, so *t*-BHP significantly increased the percentage of DNA in the tail. The EA fraction (30 μg/ml) and DCQA (20 μM) exerted significant protective activity against oxidative stress-induced DNA damage, and significantly decreased the intensity of comet tails as compared to the *t*-BHP treatment ([Fig. 3](#F0003){ref-type="fig"}A, B).

Effects of G. koraiensis on the sub G0/G1 content
-------------------------------------------------

Next, we also performed the flow cytometric DNA content analysis to measure the sub G0/G1 content, which is an indirect index of the apoptotic cell death [@B017]. *t*-BHP (200 μM) treatment for 3 h increased the sub G0/G1 content to 25.84% in HepG2 cells while the sub G0/G1 content in non-treated cells was 4.75%. Pre-treatment with EXT (30 μg/ml), the EA fraction (30 μg/ml), and DCQA (20 μM) recovered the sub G0/G1 content to 6.69, 1.80, and 2.31%, respectively ([Fig. 3](#F0003){ref-type="fig"}C). AP treatment (40 mM) for 24 h also increased the sub G0/G1 content to 34.76% while the sub G0/G1 content in non-treated cells was maintained at 11.13%. Pre-treatment with EXT (15 μg/ml), the H fraction (15 μg/ml), and GKB (20 μM) decreased the sub G0/G1 content to 21.91, 6.69, and 15.29%, respectively ([Fig. 3](#F0003){ref-type="fig"}D).

Effect of G. koraiensis on CYP 3A4 enzyme activity in AP-damaged HepG2 cells
----------------------------------------------------------------------------

We also tested the activity of CYP 3A4, which is a critical enzyme for AP-induced cytotoxicity in hepatic cells [@B012]. AP treatment (40 mM) for 24 h significantly increased CYP 3A4 activity in HepG2 cells, which suggests that AP was oxidized to NAPQI. Pre-treatment with EXT, the H fraction, GKB, and SF significantly inhibited CYP 3A4 activity ([Fig. 4](#F0004){ref-type="fig"}).

DISCUSSION
==========

In the present study, protective effects of *G. koraiensis* against *t*-BHP- or AP-induced oxidative damage were evaluated in HepG2 cells. Strong protective effects were observed for the EA fraction and DCQA against *t*-BHP-induced HepG2 cell death. Several possible mechanisms may underlie the protective effect against *t*-BHP. First, GSH levels were reduced by *t*-BHP, and pre-treatment with the EA fraction and DCQA ameliorated the *t*-BHP-induced reductions in GSH levels. Therefore, the EA fraction and DCQA may contribute to *t*-BHP metabolism through a two-electron reduction mediated by the glutathione peroxidase system [@B018]. Second, the free radical-scavenging activities of the EA fraction and DCQA directly protected against *t*-BHP-mediated induction of toxic radicals. Third, the EA fraction and DCQA significantly prevented *t*-BHP-induced DNA damage as measured by the comet assay. *t*-BHP-induced DNA single-strand breakage is caused by the covalent binding of free radicals to DNA through iron-dependent mechanisms [@B019]. The anti-genotoxic effects of the EA fraction and DCQA could be mediated by the strong scavenging of free radicals. Fourth, the antiapoptotic effects of the EA fraction and DCQA seemed to be partially contributed to the protective effects against *t*-BHP, which were evaluated by the flow cytometric DNA content analysis.

Protective effects of the H fraction and GKB against AP-induced cell death were also observed in this study. These effects may be explained by the induction of detoxification and antioxidant defense systems through different modes of action. First, pre-treatment with the H fraction and GKB significantly inhibited the CYP 3A4 activity, which is a key enzyme for the generation of NAPQI, a toxic AP metabolite [@B011],[@B013]. These results suggest that the H fraction and GKB inhibit AP-induced NAPQI formation by inhibiting CYP 3A4 activity. Second, AP-induced reductions in GSH levels were recovered by pre-treatment with the H fraction and GKB. NAPQI is rapidly detoxified by GST to a nontoxic metabolite, AP-GSH [@B011]. GKB could increase the expression of GSH-related enzymes, such as GST and GR through the activation of Nrf2 pathway [@B014]. Third, AP is also metabolized via conjugation reactions, such as sulfation by SULT or glucuronidation by UGT [@B010],[@B020]. Our previous study demonstrated that GKB increases the mRNA expression of UGT [@B012]. Fourth, anti-apoptotic effects of the H fraction and GKB against AP may partially contribute to the hepatoprotective effects.

![Effect of *G. koraiensis* on the DNA damage and the sub G0/G1 content in HepG2 cells damaged by *tert*-butyl hydroperoxide (*t*-BHP) or acetaminophen (AP). (A, B) The oxidative DNA damage was determined by using comet assay. Cells were pre-treated with the extract (EXT, 30 μg/ml), the ethyl acetate fraction (EA, 30 μg/ml), or 3,5-di-*O*-caffeoylquinic acid (DCQA, 20 μM) for 24 h. The cells were treated with *t*-BHP (200 μM) for another 1 h. (A) Fluorescence microscope images. (B) The percentage of DNA in the tail, the index of DNA damage, was calculated using comet image analysis software. The data are representative of three independent experiments. Each bar represents the mean ± SD (n = 30). \*P ＜ 0.05, \*\*\*P ＜ 0.001, significantly different from *t*-BHP treatment. (C, D) The sub G0/G1 content was measured by using flow cytometric DNA content analysis. HepG2 cells were pre-treated with EXT (15 and 30 μg/ml), the EA fraction (30 μg/ml), the hexane fraction (H, 15 μg/ml), DCQA (20 μM), or gymnasterkoreayn B (GKB, 20 μM) for 24 h. The cells were treated with *t*-BHP (200 μM) for 3 h or AP (40 mM) for 24 h. The data are representative of three independent experiments.](BMB-46-513-g0003){#F0003}

Based on these data, we could speculate that the direct radical scavenging activity is crucial for the hepatoprotection against *t*-BHP. In contrast, induction activity of detoxification enzymes such as UGT and GST via the activation of Nrf2 pathway and inhibitory activity on CYP450 enzymes are more important for the hepatoprotection against acetaminophen. These speculations are also consistent with the previous report [@B017].

![Inhibitory effects of *G. koraiensis* on CYP 3A4 activity in acetaminophen (AP)-damaged HepG2 cells. Cells were pre-treated with EXT (7.5 and 15 μg/ml), the H fraction (7.5 and 15 μg/ml), GKB (10 and 20 μM), or sulforaphane (SF, positive control, 5 μM) for 24 h. The cells were treated with AP (40 mM) for 24 h. The results were normalized against cell viability. The graphs are representative of three independent experiments. Each bar represents the mean ± SD from triplicate experiments. \*\*P ＜ 0.01, \*\*\*P ＜ 0.001, significantly different from AP treatment.](BMB-46-513-g0004){#F0004}

EXT (1.4 kg) was partitioned with hexane (182.4 g) and ethyl acetate (266.0 g) for solvent fractionation in this study [@B014]. The yields of H and EA fractions were 13.0% and 19.0%, respectively. The EA fraction showed stronger hepatoprotective activity against *t*-BHP than that of EXT. Protective activities of EXT and the H fraction against AP were similar. DCQA and GKB, major active compounds of EXT, may give synergistic or antagonistic hepatoprotective effect against *t*-BHP or AP. But the synergistic effect of DCQA and GKB was not clear in this study. Further investigation on the synergistic effect of DCQA and GKB is needed.

In conclusion, *G. koraiensis* protected HepG2 cells against oxidative stress induced by *t*-BHP or AP. We demonstrated that the EA fraction and DCQA protected the hepatic cell death against *t*-BHP. The EA fraction and DCQA ameliorated reductions in GSH levels and exhibited radical scavenging, anti-apoptotic, and anti-genotoxic effects. We also demonstrated that the hepatoprotective effects of the H fraction and GKB against AP were exerted via the inhibition of CYP 3A4 activity, amelioration of reduced GSH levels, and induction of various detoxification enzymes including UGT and GST. Therefore, *G. koraiensis* has potential as a nutraceutical to enhance liver health against various oxidative stresses.

MATERIALS AND METHODS
=====================

Materials
---------

*G. koraiensis* was collected in July 2008 at the Wild Vegetable Experiment Station, Pyeongchang, Korea. Voucher specimens (D-011) were stored at the Korea Institute of Science and Technology, Gangneung, Korea. The extract, fractions, and compounds were prepared from *G. koraiensis* as previously described [@B014], [@B015]. The HPLC chromatogram of *G. koraiensis* extract (EXT) used in this study was shown in Supplementary Fig. S1. Dimethyl sulfoxide, *t*-BHP, AP, propidium iodide, 5,5'-dithiobis-2-nitrobenzoic acid, GR, β-nicotinamide adenine dinucleotide phosphate, and epigallocatechin gallate (EGCG) were purchased from Sigma (St. Louis, MO). Sulforaphane was purchased from Calbiochem (San Diego, CA).

Cell culture
------------

HepG2 human hepatoma cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA), and they were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% (w/v) fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin. The cells were maintained at subconfluence in a humidified atmosphere of 95% air and 5% CO~2~ at 37℃. HepG2 cells were cultured in serum-free DMEM for all assay treatments.

Cell viability assay
--------------------

HepG2 cells were pre-treated with the phytochemicals in serum-free DMEM for 24 h. The cells were washed with Dulbecco's phosphate-buffered saline (DPBS) and treated with *t*-BHP (200 μM) for 3 h or AP (40 mM) for 24 h in serum-free DMEM. Then, cell viability was measured as described previously [@B017].

Glutathione quantification
--------------------------

HepG2 cells were pre-treated with the phytochemiclas in serum-free DMEM for 24 h. The cells were washed with DPBS and treated with *t*-BHP (200 μM) for 3 h or AP (40 mM) for 24 h in serum-free DMEM. Then, the concentrations of reduced (GSH) and oxidized (GSSG) glutathione in the cell extracts were determined using an enzymatic recycling assay as described previously [@B017].

ORAC assay
----------

The antioxidant effects of *G. koraiensis* were measured using an ORAC assay kit (Cell Biolabs, CA) according to the manufacturer's instructions and previous reports [@B021]. HepG2 cells were pre-treated with the phytochemicals in serum-free DMEM for 24 h. The cells were washed with DPBS and treated with *t*-BHP (200 μM) in serum-free DMEM for 3 h, except for control cells. The cells were lysed by sonication in cold DPBS and centrifuged at 10,000 ×g for 10 min at 4℃. The supernatant was placed in a 96-well plate to determine antioxidant capacity. Trolox (2.5-50 μM), which is a water-soluble analogue of vitamin E, was used as a control standard. The final results were calculated according to differences in the area under the curve (AUC) between the blanks and samples, and the results are expressed as Trolox equivalents (TE) per mg of sample (μM TE/mg).

CYP 3A4 assay
-------------

CYP 2E1, 1A2, and 3A4 convert acetaminophen to NAPQI in the acetaminophen metabolism [@B011]. Among these enzymes, in the present study we selectively measured CYP 3A4 activity because HepG2 cells are suitable to study the up-regulation of CYP 3A4 by the treatment of various chemicals [@B021]. CYP 3A4 assays were performed using a P450-Glo^TM^ luciferin-PFBE assay kit (Promega, Madison, WI) according to the manufacturer's instructions. Briefly, HepG2 cells were pre-treated with the phytochemicals in serum-free DMEM for 24 h. The cells were washed with DPBS and treated with AP (40 mM) for 24 h in serum-free DMEM. The cells were washed with DPBS, and 60 μl of fresh medium and 1.5 μl of luminogenic-PFBE substrate agent were added. The cells were incubated for 4.5 h at 37℃. Aliquots (30 μl) of the resulting medium were mixed with the luciferin detection reagent (30 μl) in a 96-well opaque white luminometer plate. The mixture was incubated at room temperature for 20 min, and luminescence was measured in a Synergy HT Multi-microplate reader.

Flow cytometric DNA content analysis
------------------------------------

The sub G0/G1 content, an indirect index of apoptotic cell death, was evaluated by using flow cytometric DNA analysis as described previously [@B023]. HepG2 cells were pre-treated with the phytochemicals in serum-free DMEM for 24 h. The cells were washed with DPBS and treated with *t*-BHP (200 μM) for 3 h or AP (40 mM) for 24 h in serum-free DMEM. Then, the cells were harvested and stained using propidium iodide for flow cytometry.

Comet assay
-----------

The antigenotoxic activity of *G. koraiensis* was evaluated using comet assay as described previously [@B016]. Briefly, HepG2 cells were pre-treated with the phytochemicals in serum-free DMEM for 24 h. The cells were washed with DPBS and treated with *t*-BHP (200 μM) for 1 h in serum-free DMEM. The comet images were obtained using a fluorescence microscope and analyzed using comet image software to calculate the % DNA in the tail.

Statistical analysis
--------------------

The data are expressed as the means ± SD values. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison test using GraphPad Prism 5 software (La Jolla, CA). Values of P ＜ 0.05 were considered statistically significant.
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